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Purpose: The purpose of the current study was to examine the effect of dexamethasone (Dex) at various concentrations on 
the apoptosis and mineralization of human periodontal ligament (hPDL) cells . 

Methods: hPDL cells were obtained from the mid-third of premolars extracted for orthodontic reasons, and a primary cul- 
ture of hPDL cells was prepared using an explant technique. Groups of cells were divided according to the concentration of 
Dex (o, 1, 10, 100, and 1,000 nM). A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was performed for 
evaluation of cellular viability, and alkaline phosphatase activity was examined for osteogenic differentiation of hPDL cells. 
Alizarin Red S staining was performed for observation of mineralization, and real-time polymerase chain reaction was per- 
formed for the evaluation of related genes. 

Results: Increasing the Dex concentration was found to reduce cellular viability, with an increase in alkaline phosphatase ac- 
tivity and mineralization. Within the range of Dex concentrations tested in this study, 100 nM of Dex was found to promote 
the most vigorous differentiation and mineralization of hPDL cells. Dex-induced osteogenic differentiation and mineraliza- 
tion was accompanied by an increase in the level of osteogenic and apoptosis-related genes and a reduction in the level of an- 
tiapoptotic genes. The decrease in hPDL cellular viability by glucocorticoid may be explained in part by the increased preva- 
lence of cell apoptosis, as demonstrated by BAX expression and decreased expression of the antiapoptotic gene, Bcl-2. 
Conclusions: An increase in hPDL cell differentiation rather than cellular viability at an early stage is likely to be a key factor 
in glucocorticoid induced mineralization. In addition, apoptosis might play an important role in Dex-induced tissue regener- 
ation; however, further study is needed for investigation of the precise mechanism. 
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INTRODUCTION 

Isolation of adult stem cells from the human periodontal 
ligament (PDL) has presented new opportunities for tissue 
engineering [1,2]. Following periodontal treatment, periodon- 
tal regeneration entails the reformation of all components of 
the periodontium: the gingival connective tissue, periodontal 
ligament, cementum, and alveolar bone. Some studies have 



confirmed that undifferentiated mesenchymal cells in the 
PDL are essential for osteogenesis and cementogenesis in 
periodontal tissues and can differentiate into osteoblasts or 
cementoblasts [3,4]. 

Various factors affect differentiation of PDL cells into os- 
teoblastic cells, including P-glycerophosphate (p-GP), ascor- 
bic acid (AA), and dexamethasone (Dex). p-GP is known to act 
as a source of phosphate ion for mineralization, reducing the 
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activity of ALP and protein formation [5] and increasing the 
formation of matrix vesicles [6]. AA is known to enhance the 
accumulation of collagen- stimulating osteoblastic pheno- 
types [7]. Cells from the PDL are heterogeneous, containing 
several cell types, including fibroblasts and mineralized tis- 
sue-forming cells, which require the presence of Dex, a mem- 
ber of the glucocorticoid class of hormones, for osteoblastic 
differentiation [8-11]. Dex potentiates the effects of other os- 
teogenic cells, including rat calvarial cells [12], on osteoblastic 
differentiation, and has been used to enhance osteogenic, 
chondrogenic, and adipogenic differentiation of mesenchy- 
mal stromal cells [13]. An increase in apoptosis of osteocytes, 
hypertrophic chondrocytes, and bone marrow cells was also 
observed in mice receiving high doses of glucocorticoids [14]. 

Once differentiated osteoblasts have completed their bone- 
forming function, they are entrapped in the matrix and be- 
come either osteocytes or bone lining cells. However, analy- 
sis of available data from histomorphometric examinations 
of human bone has revealed that 50-70% of osteoblasts at 
the remodeling site cannot be accounted for [15]. The "miss- 
ing" osteoblasts appear to have died, possibly by apoptosis, 
and if apoptosis does occur in osteoblasts or their progenitors, 
osteoblastogenesis might be diminished [16]. On the other 
hand, one study reported that apoptotic bodies derived from 
vascular smooth muscle cells act as nucleating structures for 
calcium crystal formation [17]. Another study demonstrated 
that the expression patterns of apoptosis and antiapoptosis- 
related genes were regulated in a temporal manner by Dex 
during mineralization of hPDL cells [18] and apoptosis-relat- 
ed factors were associated with the osteoblastic differentia- 
tion of hPDL cells [19]. Taken together, an association of dif- 
ferentiation of hPDL cells into osteoblastic cells with apopto- 
sis may be considered. However, the precise mechanism of 
mineralization and apoptosis of hPDL cells according to the 
concentration of Dex has not been established and remains 
to be examined. 

The purpose of the current study was to examine the effect 
of Dex on the apoptosis and osteogenic differentiation of hPDL 
cells by evaluating cellular viability, alkaline phosphatase (ALP) 
activity, mineralization, and related genes of hPDL cells in- 
duced by various concentrations of Dex. 

MATERIALS AND METHODS 

Isolation and culture of hPDL cells 

PDL tissues were obtained from the mid-third of premo- 
lars extracted for orthodontic reasons. Patients provided writ- 
ten consent for harvesting the PDL before extraction, and the 
primary culture of PDL cells was prepared using an explant 
technique, described previously [19]. Briefly, the PDL tissues 



were cut into small pieces and incubated in a biopsy medium 
at 37°C, 5% C0 2 , and 95% humidity. The cells were cultured 
to confluence in 100-mm culture dishes with Dulbecco's 
modified Eagle's medium (DMEM) with 10% fetal bovine se- 
rum (FBS), 100 U/uL penicillin, and 100 ug/uL streptomycin. 
After reaching confluence, the cells were passaged with 0.25% 
trypsin/0.1% ethylenediaminetetraacetic acid. Cells between 
the third and fifth passage were used in the current experi- 
ments. To determine the effects of Dex, the cells were divid- 
ed into five groups according to the concentration of Dex (o, 
1, 10, 100, and 1,000 nM), based on previous reports [20-23]. 
The medium was changed every three days throughout the 
entire experiment. 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro- 
mide (MTT) assay for cellular viability 

MTT assay was performed for the evaluation of cellular vi- 
ability. Four samples per Dex group were evaluated, and the 
hPDL cells were seeded at a density of 30 cells/mm 2 ; 50 ug/uL 
AA, 10 mM P-GP, and Dex (o, 1, 10, 100, and 1,000 nM) were 
added to the medium at a time designated as day o. 

On days 1, 4, and 7, 50 uL of prewarmed (37°C) MTT solu- 
tion was added to each well and cultured for 3 hours. The re- 
action was then stopped by the addition of 200 uL of dimeth- 
yl sulfoxide (DMSO) and 50 uL of glycine buffer to each well. 
The solution was then transferred to new wells, and the optical 
density of the solution in each well was measured at a wave- 
length of 570 nm using an enzyme-linked immunosorbent as- 
say plate reader (Molecular Devices, Menlo Park, CA, USA). 

Measurement of ALP activity 

hPDL cells were seeded at a density of 105 cells/mm 2 in 
DMEM containing 10% FBS. When the cells had grown to 
confluence, it was designated day o (after culture for 3 days) 
and 50 ug/uL AA and 10 mM P-GP were added with Dex (o, 1, 
10, 100, and 1,000 nM) to the medium. 

On days 5 and 10, briefly, after washing twice with PBS, the 
cells were homogenized by sonication in 1 uL of 0.9% NaCl 
and 0.02% Triton X-100 at 4°C and then centrifuged for 15 
minutes at 12,000 rpm. The ALP activity in the supernatant 
was determined by measuring the amount of p-nitrophenol 
produced using p-nitrophenol phosphate substrate. Subse- 
quently, the supernatant mixed with 0.5 M Tris-HCl buffer 
(pH 9.0) containing 0.5 mM p-nitrophenol phosphate and 0.5 
mM MgCL was incubated at 37°C for 30 minutes. The reac- 
tion was stopped by the addition of 250 uL of 1 N NaOH. Us- 
ing a DU530 UV spectrometer (Beckman, New Brunswick, 
NJ, USA), hydrolysis of p-nitrophenyl phosphate was mea- 
sured at a wavelength of 410 nm. The enzyme activity was 
normalized to the protein concentration of cells in each well. 
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The ALP activity of the hPDL cells was determined by count- 
ing 3 wells per group on days 5 and 10. 

Mineralized nodule formation 

The hPDL cells were seeded at a density of 105 cells/mm 2 . 
When cells had grown to confluence, it was designated day o 
(after culture for 3 days) and 10% FBS, 50 ug/uL AA, and 10 
mM P-GP were added with Dex (o, 1, 10, 100, and 1,000 nM) 
to DMEM. On days 7, 14, 21, and 28, the cells were fixed in 2% 
paraformaldehyde neutral buffer solution; the plates were 
then stained with Alizarin Red S for observation of mineral- 
ization nodules. The samples were observed using a light 
microscope. 

Real-time PCR 

The hPDL cells were seeded at a density of 105 cells/mm 2 . 
When the cells had grown to confluence, it was designated 
day o (after culture for 3 days) and 10% FBS, 50 |ig/uL AA, and 
10 mM P-GP were added with Dex (o, 1, 10, 100, and 1,000 nM) 
to the medium. 

On day 7, the total RNAs were reverse-transcribed to pro- 
duce cDNA using the ImProm-II reverse transcription system 
(Promega Inc., Madison, WI, USA) according to the manufac- 
turer's protocol. SYBR Green I-based real-time polymerase 
chain reaction (PCR) was performed on the MJ Research DNA 
Engine Opticon Monitor II continuous fluorescence detec- 
tion system (MJ Research Inc., Waltham, MA, USA). All of the 
PCR mixtures contained the following: PCR buffer (final con- 
centration 10 mM Tris-Hcl [pH 9.0], 50 mM KCL, 2 mM 
MgCl 2 , and 0.1% Triton X-100), 250 mM deoxy-NTP (Roche, 
Mannheim, Germany), 0.5 mM of each PCR primer, 0.5X SYBR 
Green I (Molecular Probes, Eugene, OR, USA), 5% DMSO, and 
1 U taq DNA polymerase (Promega Inc.) with 2 mL cDNA in a 
25 mL final volume reaction mix. The samples were loaded 
into wells of low profile 96-well microplates. After an initial 
denaturation step for 1 minute at 94°C, the conditions for cy- 
cling were 35 cycles of 30 seconds at 94°C, 30 seconds at 53°C, 
and 1 minute at 72°C. The fluorescence signal was measured 
immediately after incubation for 5 seconds at 78°C, followed 
by the extension step, which eliminates the possible primer 
dimer. At the end of the PCR cycles, a melting curve was gen- 
erated for identification of specificity of the PCR product. For 
each run, serial dilutions of human GAPDH plasmids were 
used as standards for quantitative measurement of the amount 
of amplified DNA. In addition, for normalization of each 
sample, mGAPDH primers were used to measure the amount 
of mGAPDH cDNA. All of the samples were run three times, 
the mean data for each group were measured, and the ratio 
of osteogenesis-related genes (ALP, Cbfa-i, OCN, and OSX) to 
GAPDH, and apoptosis-related genes (Bd-2, BAX) to GAPDH 



Table 1. Primer sequences used in reverse transcriptase polymerase 
chain reaction. 

Gene Sequence Product size (bp) 

Cbfa-1 F5-TCTGGCCnCCACTCTCAGT-3 161 

R 5-GACTGGCGGGGTGTAAGTAA-3 
OSX F5-GCnATCCAGCCCCCTTTAC-3 186 

R 5-CACTGGGCAGACAGTCAGAA-3 
ALP F 5-GCTGAACAGGAACAACGTGA-3 117 

R 5-TCAATTCTGCCTCCTTCCAC-3 
OCN F5-CCCTCACACTCCTCGCCCTATT-3 135 

R 5-TCTTCACTACCTCGCTGCCCTC-3 
BAX F 5-GCTGTTGGGCTGGATCCAAG-3 120 

R 5-TCAGCCCATCTTCTTCCAGA-3 
Bcl-2 F 5-CGTGGCCTCTAAGATGAAGG-3 117 

R 5-CCACTTGAGCTTGTTCACCA-3 
GAPDH F 5-TCCACCACCCTGTTGCTGTA-3 450 

R 5-ACCACAGTCCATGCCATCAC-3 

F: forward, R: reverse. 

were obtained. The sequences of primers used for the real- 
time PCR analysis are shown in Table 1. 

Statistical analysis 

The results pertaining to the cellular viability, ALP activity, 
and real-time PCR were calculated as the mean ± standard 
deviation. One-way analysis of variance was performed for 
determination of the differences within and between groups 
using Tukey test as a post hoc test among the tested groups. 
SPSS ver. 12.0 (SPSS Inc., Chicago, IL, USA) was used for anal- 
ysis and a P-value of 0.05 or less was considered statistically 
significant. 

RESULTS 

MTT assay for cellular viability 

A MTT assay was performed for measurement of cell via- 
bility. The cellular viability showed a gradual increase in a 
time-dependent manner and decreased with an increasing 
concentration of Dex (Fig. 1). On day 1, the 1 nM group showed 
the highest cellular viability among the groups and the dif- 
ference between the control and over-i-nM concentration 
groups was statistically significant (P<o.os). On days 4 and 7, 
the cellular viability decreased in a manner inversely propor- 
tional to the Dex concentration. On day 4, the control group 
showed the highest cellular viability and the difference in 
cellular viability between the control group and Dex-added 
groups was statistically significant, except for that of the 1 nM 
group (P<o.05). On day 7, the 1,000 nM group showed the 
lowest cellular viability, while the control group showed the 
highest outcome among the five groups. In an intergroup 
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Figure 1. Results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo- 
lium bromide assay (optical density) of human periodontal ligament 
cells supplemented with different concentrations of dexamethasone 
(Dex) (o, 1, 10, 100, and 1,000 nM) on days 1, 4, and 7. Similar results 
were obtained in three separate experiments, and the data are pre- 
sented as the mean ± standard deviation. 'Statistically significant 
difference, compared to the group without Dex treatment (P< 0.05). 
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Figure 2. Alkaline phosphatase (ALP) activity of periodontal liga- 
ment cells supplemented with different concentrations of dexa- 
methasone (Dex) (o, 1, 10, 100, and 1,000 nM) on days 5 and 10. Simi- 
lar results were obtained in three separate experiments, and the data 
are presented as the mean ± standard deviation. 'Statistically signifi- 
cant difference, compared to the group without Dex treatment 
(P<o.os). 
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Figure 3. Macroscopic and microscopic features of mineralization in the control group (a) and the dexamethasone group with concentra- 
tions of of 1 nM (b), 10 nM (c), 100 nM (d), and 1,000 nM (e) after an osteogenic induction period of 7 (A), 14 (B), 21 (C), and 28 (D) days (Aliza- 
rin Red S staining , X40). 



comparison, statistically significant differences were found, 
except between the 10 nM and 100 nM groups (P< 0.05). 

ALP activity 

The ALP activity increased from days 5 to 10 in all of the 
groups, and the amount of the increase tended to rise in a 
concentration-dependent manner (Fig 2). On day 5, the ALP 
activity increased in a Dex concentration-dependent manner, 
except in the 100 nM group. On day 10, a marked increase of 
ALP activity by administration of Dex was observed, compared 



with day 5. This increase was in proportion to the concentra- 
tion of Dex up to 100 nM, and the ALP activity showed a slight 
decrease in the 1,000 nM group (P<o.os). A statistically sig- 
nificant difference was observed among each of the groups 
in all of the comparisons (P<o.os). 

Mineralized nodule formation 

The culture dishes were fixed with 2% paraformaldehyde 
solution, and then stained with Alizarin red S on days 7, 14, 21, 
and 28 (Fig. 3). For 7 and 14 days, hPDL cells cultured in all of 
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Figure 4. Dose-dependent effects of dexamethasone (Dex) on the osteogenesis-related genes of human periodontal ligament cells cultured 
in osteogenic medium: (A) Cbfa-i, (B) OSX, (C) ALP, and (D) OCN. The cells were exposed to various concentrations (o, 1, 10, 100, and 1,000 
nM) of Dex for seven days. Similar results were obtained in three separate experiments, and the data are presented as the mean± standard 
deviation. The graphs show the ratio of selected gene mRNAs to GAPDH mRNA from the real-time polymerase chain reaction results. *Sta- 
tistically significant difference, compared to the group without Dex treatment (P< 0.05). 



the groups exhibited a fibroblast-like spindle shape and ex- 
hibited few mineralized nodules (Fig. 3A and B). After osteo- 
genic induction of 21 days, a prominent increase in the min- 
eralization was observed in the 10, 100, and 1,000 nM groups. 
The magnitude of mineralization was high in the 100 and 
1,000 nM groups, while no mineralized nodules were observed 
in the control group or the 1 nM group (Fig. 3C). After an os- 
teogenic induction period of 28 days, the aspect of mineral- 
ization was similar to that of 21 days; however, the amount of 
mineralization was higher compared to that at 21 days (Fig. 3D). 

Real-time PCR 

During observation of osteoblastic markers, a dose-depen- 
dent increase in the osteogenesis-related genes was found 
(Fig. 4). The Cbfa-i expression level of the 100 and 1,000 nM 
groups was statistically higher compared to the control group 
(P<0.05). The 100 nM group showed the highest value, and 
the level of expression was rather decreased in the 1,000 nM 
group (Fig. 4A). The OSX mRNA level showed a rather steady 
trend according to the Dex concentration; however, com- 
pared to the control group, a higher expression level was de- 
tected in the 100 and 1,000 nM groups, which was not statis- 
tically significant (Fig. 4B). The ALP gene expression level of 
the 1 nM group was lower than that of the control group, and 



the highest value among the tested groups was detected in 
the 100 nM group, which was similar to the result for the ALP 
activity (Fig. 4C). The OCN mRNA level showed an increas- 
ing tendency according to the concentration of Dex, and the 
highest value was detected in the 1,000 nM group (P<o.os) 
(Fig. 4 D). 

Regarding apoptosis-related genes, BAX showed an increas- 
ing tendency with the addition of Dex. A significantly higher 
level of expression was observed in the 100 and 1,000 nM 
groups, compared to the control group (P<o.os) (Fig. 5A). On 
the other hand, Bcl-2, which is known to be an antiapoptotic 
marker, was observed to be inversely proportional to the Dex 
concentration. The highest expression was observed in the 
control group and the lowest expression was observed in the 
1,000 nM group (Fig. 5B). 

DISCUSSION 

To understand the regeneration of the destroyed periodon- 
tal attachment apparatus, knowledge of the factors that regu- 
late proliferation and differentiation of PDL cells is critical. 
One of the regulators is glucocorticoid, and Dex is a member 
of the glucocorticoid class of hormones, which is required 
for osteoblastic differentiation [8]. 
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Figure 5. Dose-dependent effects of dexamethasone (Dex) on the apoptosis-related genes of human periodontal ligament cells cultured in 
osteogenic medium: (A) BAX and (B) Bcl-2. The cells were exposed to various concentrations (o, 1, 10, 100, and 1,000 nM) of Dex for seven 
days. Similar results were obtained in three separate experiments, and the data are presented as the mean ± standard deviation. The graphs 
show the ratio of selected gene mRNAs to GAPDH mRNA from the real-time polymerase chain reaction results. Statistically significant 
difference, compared to the group without Dex treatment (P< 0.05). 



Glucocorticoid exerts complex effects on the skeleton, which 
are dependent on the concentration and duration of expo- 
sure [24,25]. Regarding the dose-dependent effect of Dex, a 
maximal stimulatory effect on bone cell populations derived 
from fetal rat calvariae or adult rat vertebrae at a Dex of 10 
nM has been reported, and the effects decreased at higher 
concentrations of Dex (100 to 1,000 nM) [24]. The maximally 
effective concentrations of glucocorticoids for stimulation of 
osteoblastic proliferation and differentiation are within the 
range of physiological circulating levels of glucocorticoids 
(100 to 1,000 nM of corticosterone in rats) [20-23]. Using Dex, 
which is known to stimulate osteogenesis and apoptosis, this 
study focused on the dose-dependent effect of Dex on hPDL 
cells (o to 1,000 nM of Dex). 

The number of viable cells was evaluated using the MTT 
assay, which measures cellular viability through the determi- 
nation of mitochondrial dehydrogenase activity and is con- 
sidered a sensitive assay for assessment of osteoblastic pro- 
liferation. This study found that with the passage of time from 
day 1 to day 7, cellular viability increased in all of the groups 
(Fig. 1). With supplementation of Dex, viable hPDL cells de- 
creased in a manner inversely proportional to the Dex con- 
centration. Both the inhibition and stimulation of bone cell 
proliferation have been reported when glucocorticoids were 
added to cultures of isolated bone and bone cells [25-27]. The 
results of this study are in accordance with those of a report 
showing that Dex inhibited the proliferation of osteoblasts 
and induced a reduction in the number of osteoblasts and 
osteocytes through enhanced apoptosis [25], but in contrast 
to a chick periosteal culture, which showed that Dex at 100 
nM induced a significant increase in proliferation of osteo- 
genic cells [26]. These divergent results may reflect differenc- 
es in the level of cellular differentiation in various model 
systems [28]. 



Osteoblastic differentiation was assessed by ALP activity, an 
early marker of osteoblastic cell differentiation and a mem- 
brane-associated enzyme [29]. Previous studies have reported 
the maximal expression of ALP on day 7, prior to the initiation 
of nodule mineralization [30]. Therefore, days 5 and 10, around 
the day of maximal ALP expression were selected for the 
analysis of ALP activity. According to the results on ALP ac- 
tivity, Dex was shown to induce differentiation of hPDL cells 
to osteoblasts in a concentration-dependent manner (Fig. 2); 
however, the maximal effect of the concentration was not 
beyond 100 nM. That is, ALP activity was slightly inhibited in 
the 1,000 nM group, compared with the 100 nM group on 
day 10. The reduced ALP activity in the 1,000 nM group is in 
accordance with the results of a study showing that exposure 
to high dosages exerted negative effects on osteoblasts, in- 
cluding increased apoptosis, decreased osteoblast prolifera- 
tion, and a later decrease in bone formation [31,32]. A study of 
human bone marrow stromal cells reported detection of 
maximal ALP activity at 10 nM [31]. In addition, when hPDL 
cells were treated with increasing concentrations of Dex, 
ranging from 10 nM to 500 nM, Dex induced a dose-depen- 
dent increase in ALP activity, which appeared to plateau at 
approximately 500 nM of Dex [32]. 

As cells form multilayered clusters, the rate of proliferation 
is known to decrease and nodule cells begin to mineralize 
the extracellular matrix [33]. In this study, regarding previous 
reports examining mineralization [34], the magnitude of 
mineralization was confirmed by staining on days 7, 14, 21, 
and 28. On days 7 and 14, the spindle-shaped morphology of 
hPDL fibroblasts was observed in all groups, and no notable 
mineralized nodules were detected (Fig. 3A and B). No differ- 
ence was observed among groups. On days 21 and 28, the 
Dex-treated groups showed increased mineralization, com- 
pared with the control group (Fig. 3C and D). Notably, the 100 
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and 1,000 nM Dex groups showed the most significant nod- 
ule formation. Fewer nodules were observed in the 10 nM 
groups and no nodules were detected in the control and 1 
nM group. Although cellular viability was endangered by Dex, 
as mentioned above, Dex was essential for mineralization of 
hPDL cells. 

Previous studies have also reported maximal mRNA ex- 
pression of osteogenic differentiation genes, including ALP, 
BMP-2, and BMP-4 on day 7, which is the multilayer forma- 
tion stage prior to initiation of mineralization [30]. Therefore, 
RNAs of hPDL cells were extracted on day 7 for real-time PCR. 
For analysis of gene expression during the osteogenic pro- 
cess, this study examined Cbfa-i, OSX, ALP, and OCN by real- 
time PCR. Cbfa-i is a key transcription factor associated with 
osteoblast differentiation and skeletal morphogenesis and 
acts as a scaffold for nucleic acids and regulatory factors in- 
volved in skeletal gene expression. OSX, a recently identified 
zinc finger-containing transcription factor, is expressed in 
osteoblasts of all endochondral and membranous bones [35]. 
ALP is one of the earliest markers of osteoblastic cells, and 
mineralization is initiated by expression of the membrane- 
bound glycoprotein, ALP [36]. OCN is only expressed by fully 
differentiated osteoblasts and regulates their function [37]. 
Expression of Cbfa-i, OSX, ALP, and OCN showed an increas- 
ing tendency with the concentration of Dex (Fig. 4). These re- 
sults appear to indicate that an increase in ALP activity and 
mineralization may contribute to osteogenesis-related genes, 
such as Cbfa-i, OSX, ALP, and OCN. 

During the apoptotic process, mitochondrial outer mem- 
brane permeabilization is regulated by various proteins, such 
as those encoded by the mammalian Bcl-2 family of anti- 
apoptotic genes [38]. Bcl-2 proteins are able to promote or in- 
hibit apoptosis by direct action. BAX, a member of the Bcl-2 
family, forms the pore, while Bcl-2 inhibits its formation. BAX 
promotes apoptosis by competing with Bcl-2 proper. There- 
fore, BAX and Bcl-2 were selected as apoptosis and antiapop- 
tosis markers for real-time PCR. 

Up-regulation of BAX and down-regulation of Bcl-2 was 
observed in a Dex concentration-dependent manner (Fig. 5A 
and B). The decrease in hPDL cellular viability caused by glu- 
cocorticoid may be explained in part by the increased preva- 
lence of cell apoptosis, as demonstrated by BAX expression 
and decreased expression of antiapoptotic gene Bcl-2. Elevat- 
ed expression of Bcl-2 at lower concentrations of Dex may in- 
hibit differentiation of hPDL cells into mature osteoblasts. In 
addition, a dose-dependent increase of BAX, which is known 
to promote apoptosis, appears to indicate that cell apoptosis 
induced by Dex might play a role in the process of tissue 
mineralization, which is in accordance with the results of a 
study reporting that an apoptotic body may act as a nucleat- 



ing body [17]. These data suggest that Dex likely promotes 
specific markers of the osteoblastic phenotype in primary 
PDL cells, at least in part, through suppression of antiapop- 
totic gene expression and an increase in apoptotic related 
genes, which presumably promote differentiation to the os- 
teoblastic phenotype and elevation of bone-specific marker 
expression. 

It has been reported that at the stage of mineralization of 
hPDL cells, apoptosis-inducing agents were up-regulated, 
and antiapoptosis activators were down-regulated [18]. It has 
also been reported that apoptosis is an important event in 
human dental pulp cells and that genes implicated in apop- 
tosis are highly connected to the differentiation of dental 
pulp cells into odontoblasts [39]. These findings are in accor- 
dance with the findings of the present study. Apoptosis might 
play both passive and active roles in differentiation and min- 
eralization of PDL cells. As for its active role, one paper re- 
ported that necrotic and apoptotic cell deaths were induced 
in an osteogenic culture of hMSCs and indicated that both 
necrotic and apoptotic cells of an osteoblast lineage served as 
nuclei for calcification on osteoblastic differentiation of hM- 
SCs in vitro [40]. In this study, we were able to find a passive 
role for apoptosis, which was followed by differentiation, but 
we could not confirm the active role of apoptosis in the min- 
eralization of hPDL cells and further study is needed. In sum- 
mary, Dex was found to have variable effects on hPDL cells 
according to the Dex concentration. With the elevation of 
the Dex concentration, the hPDL cells were prone to osteo- 
genic differentiation with increased apoptosis. Although cel- 
lular viability decreased with the Dex concentration, an in- 
crease in hPDL cell differentiation and mineralization up to 
100 nM was noted. Therefore, hPDL cell differentiation fol- 
lowed by increased apoptosis, rather than their cellular via- 
bility at an early stage, is likely to be a key factor in glucocor- 
ticoid mineralization. In addition, apoptosis might play an 
important role in Dex-induced tissue regeneration; however, 
further study is needed for investigation of the precise mech- 
anism. 
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